The objective of this study was to evaluate the nutritional efficiency of phosphorus in physic nut (Jatropha curcas L.) genotypes, under controlled conditions. The experiment was arranged in a randomized block design, in a factorial scheme 10 x 2, using ten physic nut genotypes, two levels of phosphorus available in the soil (10 and 60 mg dm -3 ), and four replications. Cultivation consisted of a period of 100 days, with vegetative growth being evaluated in each experimental plot, with the dry matter mass values, phosphorus contents in the vegetative parts, nutritional efficiency indices, and alpha parameter also being obtained. The results show that the physic nut genotypes present greater vegetative growth, dry matter mass accumulation, P content, absorption efficiency and translocation at the high level of phosphorus available in the soil. Genotype CNPAE-C2 is the most efficient and responsive to phosphoric fertilization.
Introduction
The search for sustainable development has been occurring at an accelerated rate on the past decades, through the investigation of viable alternatives to achieve a development that can also generate profitability.
Over the past few years, a growing concern over environmental issues has been observed around the world. The concern with the limited fossil oil reserves and the climate change caused by the emission from its combustion have led the search for alternatives. One important alternative that have been studied is the agriculture focused on the production of bioenergy (Falasca et al., 2010) . Within this context, the cultivation of oil plants such as the physic nut (Jatropha curcas L.) have been growing in importance, aiming at the production of vegetal oil used in the manufacture of biodiesel.
Phosphorus (P) is the nutrient that limits the biomass production of plant the most in tropical soils (Novais et al., 2007; Wright et al., 2011; Oladiran et al., 2012) . In Brazil, due to the source material and the strong interaction of soil with this nutrient, the use of phosphate fertilizers is recurrent, resulting in increased production costs (Raij, 1991; Resende et al., 2007; Reis et al., 2010; Reis et al., 2011) .
In the case of physic nut, this nutrient is the fourth most accumulated in the fruits, so the harvest draws a considerable amount of this nutrient from the area, increasing the need for its replacement with the fertilization to minimize the soil depletion over the years of cultivation (Laviola & Dias, 2008) .
In this condition, due the peculiarities of P, the use of genotypes adapted to growing in conditions with lower levels of available P in the soil becomes a valuable alternative to agricultural crop (Fageria & Baligar, 1997) . Therefore, the search for information about the reaction of physic nut genotypes grown under different P supply is essential to identify genotypes able to provide a better development in tropical soils with limited supply of this nutrient, and also to identify genotypes that respond better to the fertilization, allowing better planning and management of the agricultural activity.
According to Fageria (1998) , numerous studies indicate genetic variation in relation to the nutritional efficiency of phosphorus in genotypes of the same species, which suggests the need to discriminate genotypes that can be efficient in the utilization of P in order to cultivate them in soils with low levels of this nutrient.
The aim of this study was to evaluate the nutritional efficiency of P in genotypes of physic nut, in controlled environment.
Material and Methods

Description of the Study Area and Plant Material
The experiment was conducted under greenhouse conditions in the experimental area of the Centro de Ciências Agrárias of the Universidade Federal do Espírito Santo (CCA-UFES), in Alegre, ES, with coordinates of 20°45' S latitude and 41°33' W longitude, and an average altitude of 277.41 meters, from December 2010 to February 2011.
The physic nut seeds (half-sib families) used in this study were provided by germplasm bank from Embrapa Agroenergia (harvested in 2010), and processed by removing the immature and damaged seeds. The seeds were packaged and stored in the refrigerator (3°C) until use, with their water content being maintained between 10-12%.
The seeds were sown in plastic pots containing 10 dm 3 of soil collected at a depth of 20-40 cm, with the first 20 cm of the soil being discarded to reduce the effect of the organic matter present on the surface layer. A soil sample was sent to the laboratory for chemistry and physics analyses, according to Embrapa (1997) (Table 1 ). The soil was characterized as a clayey Red-yellow Latosol-LVA arg (Embrapa, 2006) . Base saturation (%) 61.80
Experimental Design and Conduct of the Study
The experiment was arranged in a randomized block design, in a factorial scheme 10 x 2, with ten physic nut genotypes from different regions of Brazil (Paraíso, Jales, CNPAE-C2, G2, 167, 200, 210, 315, 1501, and 08001) and two levels of available phosphorus in the soil (10 and 60 mg dm -3 ) (Laviola & Dias, 2008) , with four replications. Four seeds were sown per pot and, after germination, when the seedlings were approximately 7 inches, each experimental plot was thinned to one plant per pot.
Fertilization was performed according to recommendation for controlled environmental studies (Novais et al., 1991) . Fertilization with nitrogen and potassium was performed in four cover applications, the first at 20 days after sowing, and the others, at an interval of 20 days. In all fertilizations, the nutrients were supplied via p.a. salts (KNO 3 , KH 2 PO 4 , NH 4 NO 3 , and CaHPO 4 ), seeking to establish the nutritional balance of the soil.
To determine phosphoric fertilization which would provide the levels of phosphorus available in the soil (10 and 60 mg dm -3 ), a curve for P availability was made according to methodology proposed by Machado et al. (2011) . Based on the curve of P availability in the soil, phosphorus fertilization was performed before planting, using a solution with KH 2 PO 4 salt diluted in water, mixed in the entire volume of soil, with 0.22 and 1.75 g dm -3 being respectively applied at high and low levels to provide the desired P levels (10 and 60 mg dm -3 ) in the soil solution.
Irrigation was conducted by maintaining the soil moisture throughout the experiment at 60% of the total pore volume, obtained by particle density and soil density determination using the cylinder method, according to Embrapa (1997) .
Evaluation of the Study and Calculate Indices
After 100 days of cultivation, evaluations were carried out in each experimental unit to measure: plant height (cm), stem diameter (mm), leaf number, leaf area (cm 2 per plant), root volume (cm 3 per plant) and root dry matter (RDM), aerial part dry matter (ADM) and total dry matter (TDM), in grams per plant. Plant height was measured by using a graded ruler and stem diameter at the stem base with a digital caliper. Leaf area was quantified in the laboratory, using a leaf area integrator model LI 3100 from LICOR.
The stems were cut at the soil level and the leaves were removed manually to obtain dry matter. The roots were extracted from the soil and washed in water, and their volume obtained by using a measuring cylinder. Vegetal material (leaves, stems, and roots) was placed separately in paper bags and dried in an oven with forced air circulation at 60°C, until constant weight.
After drying, the plant material was weighed using an analytical precision balance and ground separately in a Wiley type mill, for subsequent quantification of the level and content of P. Phosphorus concentrations were determined after digestion of the plant material in a nitric-perchloric acid solution (Embrapa, 1997) .
The following indices were calculated for dry matter and nutrient content in the plant: (a) absorption efficiency = (total nutrient content in the plant)/(root dry matter), according to Swiader et al. (1994) , (b) translocation efficiency = [(nutrient content in the aerial part)/(total nutrient content in the plant)] x 100, according to Li et al. (1991) , (c) utilization efficiency = (total dry matter) 2 /(total nutrient content in the plant), according to Siddiqi and Glass (1981) .
The response to phosphoric fertilization was estimated by the criteria proposed by Ciat (1978) , based on determination of the α parameter, where: ), P 2 : high level of P available in the soil (60 mg dm -3 of P 2 O 5 ).
Dry matter production of the aerial part at the lowest P level and the α value results for each genotype were displayed in quadrants. The genotypes were classified into four groups: ER-efficient and responsive genotypes, ENR-efficient and non responsive genotypes; NER-non efficient and responsive genotypes, and NENR-non efficient and non responsive genotypes.
Statistical Analysis
The data were subjected to variance analysis (P≤0.05), using the statistical software SISVAR (Ferreira, 2008) . When the variation sources were significant, the Tukey test (P≤0.05) was used to compare the levels of available phosphorus in the soil for each genotype, and the Scott-Knott test (P≤0.05) was used to compare the genotypes within each level of available phosphorus in soil.
Results and Discussion
Phosphorus Levels Influence the Growth the Physic Nut
The variance analysis (P≤0.05) revealed a significant interaction between genotypes and phosphorus levels. In general, when comparing the P levels for each genotype, it could be observed that the higher means for plant height, www.ccsenet.org/jas Journal of Agricultural Science Vol. 4, No. 12; stem diameter, leaf area, root volume, aerial part dry mass, root dry matter, phosphorus content in the aerial part, root and total content were obtained at the high level of available phosphorus in the soil (Tables 2, 3 and 4).
The adequate supply of P in the soil promotes cell division and growth, which explains the higher means for the variables related to the growth. This effect can enhance the photosynthesis and respiration suggesting a higher production of dry matter (Novais et al., 2007) .
According to Lana et al. (2006) , high concentrations of P in the soil promote the production of biomass due the increase of the growth rate, biomass partitioning between roots and shoots, and the uptake rate of P per root unit.
Due to the peculiarities of the Brazilian soils, about their interaction with P, there are recurring reports that the P content in the vegetative parts of plants rises as its availability in the soil grows, due to the difficulty of fully saturating those soils with this nutrient (Novais et al., 2007) . At the low level of P, the highest plant height mean values of physic nut plants were provided by genotypes Paraíso, CNPAE-C2 and Jales; at the high level of P in the soil, the highest plant height mean value was obtained by genotype CNPAE-C2 (Table 2) .
For stem diameter analysis at the highest P level, genotypes 1501, 167, 315, and 210 represented the first mean group, which was statistically superior to the other mean groups. At the inferior level of P, genotype 315 was superior to the other physic nut genotypes (Table 2) .
At both levels of P in the soil, seven distinct groups of leaf area means were formed, showing a differential response of the genotypes to phosphoric fertilization. At the low level of P in the soil, the high LA mean group was composed by genotype 315, and the low LA group by genotype G2. At the high level of available P, genotype Paraíso obtained a higher LA mean, being placed in the high mean group, while genotypes G2 and 08001 composed the low LA mean group (Table 2) .
According to Fageria (1989) , there are differences in the vegetative growth for plants of the same species, subjected to the same level of fertilization, due to the natural genetic variability, resulting in different degrees of nutritional requirements.
Studying genetic parameters of 110 physic nut accesses, Laviola et al. (2010) reported the existence of genetic variability among the genotypes. Laviola et al. (2011) studied 175 accesses, with phenotypic variability being found in the first year of implementation. Thus, the results of this study can be justified based on the genetic and phenotypic variability found by Laviola et al. (2010) and Laviola et al. (2011) physic nut accesses.
Studying bean genotypes, Lana et al. (2006) also found a differentiated vegetative growth at the same level of P in the soil. In addition to the genetic variability, these authors also justified such difference due to the fact that Vol. 4, No. 12; responsiveness to P supply was distinct at the initial phase of the vegetative growth, what may have occurred in this study. Table 2 shows that genotypes 315 and Jales formed the group statistically superior, to the other mean groups, obtaining greater root volume when grown in soil with low P level, whereas genotypes 08001, G2, and 167 presented low root volume, being placed in the low mean group. At the high P level in the soil, genotypes G2, 1501, 167, and 200 presented a high root development, forming the first group statistically higher than the others, and genotypes 08001 and Jales, forming the lowest RV group.
Root system volume and root dry matter mass are important variables used to elucidate the mechanisms linked to phosphorus absorption efficiency (Teo et al., 1995) , since root growth is inhibited under P deficiency, resulting in a reduced partition of carbohydrates allocated to the roots, indicated by an increase in the amount of sucrose (Marschner, 1995) . Table 3 shows statistical difference in dry matter production of the areal part forming seven distinct mean groups, at both levels of P available in the soil. According to Machado et al. (2004) , this fact is connected to the difference in the capacity to respond to fertilization by the plants, due to their genetic variability. It can be seen that, at the low level of P in the soil, Paradise genotype presented a higher aerial part dry matter (ADM) production, showing adaptation to environments with P deficiency, in contrast to genotype 08001, which had the lowest ADM mean value. At the high level of P, genotype CNPAE-C2 stood out due to its high ADM mean value, while genotype G2 showed low ADM accumulation capacity (Table 3) .
Production of Dry Matter of Physic Nut Genotypes
Genotypes 315 and 200 obtained high RDM values, respectively, at the low and high level of P in the soil. For the variable root dry matter, genotypes 167 and 08001 were inferior to the others, respectively, at the low and high levels of P in the soil (Table 3) .
Similar results have been related in studies using others oil plant species. Rogério et al. (2013) found that crambe cultivars differed in grain yield when grown under different levels of P, occurring smaller amplitudes when a appropriate level of this element was supply for the plants.
Content of the Phosphorus in Physic Nut Genotypes Cultivated in Levels of P
At the low level of P in the soil, genotype Paraíso obtained the highest P content in the aerial part, unlike genotypes 167, 315, 210, 200, and 08001, which formed the low mean group, presenting low phosphorus content. At the high level of P, genotype CNPAE-C2 accumulated higher P content in the aerial part, with different responses among the genotypes, due to phosphoric fertilization. Genotype 08001 composed the mean group with the lowest P www.ccsenet.org/jas Journal of Agricultural Science Vol. 4, No. 12; content in the aerial part, indicating a greater heterogeneity of responses due to the increase in phosphoric fertilization (Table 4) . Table 4 . Content of the aerial part (AP), root (R) and total phosphorus in physic nut genotypes cultivated under two levels of P (10 and 60 mg dm -3 , respectively, P 1 and P 2 )
Genotypes AP R Total Genotypes Paraíso and CNPAE-C2 had a high P content in the aerial part, probably due to their higher ADM means (Table 3) , a feature that elucidates genotypes which are efficient in absorbing and utilizing nutrients (Fageria, 1989) .
At the low level of P available in the soil, genotypes 210, 200, 08001, Paraíso, CNPAE-C2, and Jales were placed in the superior mean group, presenting a high P content in the roots. For the same variable, at the high level of P available in the soil, genotypes 1501, 315, 200, Paraíso, and Jales showed an effective potential for P accumulation, with the last three standing out at both levels of P available in the soil (Table 4 ).
For total phosphorus content, genotypes Paraíso and CNPAE-C2 presented superior means at levels 10 and 60 mg dm -3 of available P in the soil, respectively. Genotype 8001 was allocated in the lowest mean groups at both levels ( Table 4) .
Evaluation of genotypes using the content of P accumulated by the plant is positively correlated with the mechanisms responsible for the greater efficiency of nutrient translocation (Machado et al., 2004) . Table 5 shows that the increase in the level of P available in the soil maximized the absorption efficiency of the physic nut genotypes. Such result may be explained by the fact that an adequate supply of P in the soil favors root growth (Novais et al., 2007) , increases the absorption, and, later, the content of P in the plant tissues (Malavolta, 2006) , leading to the optimization of phosphorus AE, due to the variables used in this index (Swiader et al., 1994 ).
Nutritional Efficiency of P in Physic Nut
At a low P level in the soil, genotypes 167 and Paraíso presented high phosphorus AE, contrary to genotypes G2, 315 and 200, which were placed in the low AE mean group. At the high P level, the group formed by genotypes G2, 08001, and CNPAE-C2 had higher phosphorus AE mean values, while genotype 200 showed lower AE (Table 5 ).
According to Lana et al. (2006) , plants efficient in P absorption are those that accumulate higher amounts of the element when grown under low P level; however, this aspect does not necessarily make them responsive to phosphoric fertilization.
Genotypes 1501, 167, 200, Paraíso and Jales presented a higher TE at the low level of available phosphorus in the soil (Table 5 ) due to the fact that most of the total P content is in the aerial part of the physic nut plants (Table 4) , On the other hand, genotype 315 presented a low TE value (Table 5) , justified by the low P content in the aerial part, and considerable P content in the roots, characteristics inversely correlated to nutrient translocation efficiency (Fageria, 1998 There was high TE variability at the high level of P in the soil, confirmed by the formation of six distinct mean groups, with genotype 08001 presenting the highest TE and genotype 200 showing a reduced capacity of phosphorus translocation (Table 5) .
Such large number of distinct TE mean groups is caused by the genetic variability (Laviola et al., 2010; Bhering et al., 2012) of physic nut genotypes.
The mechanisms and interactions that elucidate translocation efficiency have a complex character. In general, plants grown in environments deficient in P retain higher P content in the roots, decreasing nutrient translocation from the roots to the photo-synthetically active sites in the leaves. Another determinant TE factor is the genotype's respiration rate (Taiz & Zeiger, 2006) .
The physic nut genotypes obtained greater utilization efficiency (UE) of P at the low level of P available in the soil, except for genotypes CNPAE-C2 and 08001 (Table 5) .
Although dry matter and content of P in the aerial part and root were higher at the high level of P available in the soil (Tables 3 and 4) , the amplitude between these variables is small, i.e., the gain of dry matter mass and P content at the low level of P in the soil is high, rendering the plants more efficient in phosphorus utilization at the low level of this nutrient in the soil.
These results allow the possibility of developing cultivars for marginal fertility areas, aiming at reducing the use of fertilizers, since UE has a direct relationship with the ability of a genotype to accumulate dry matter with minimum possible nutrient investment (Amaral et al., 2011) . Table 5 shows that at the low level of available phosphorus in the soil, genotypes 315 and 200 are allocated at the high mean group, presenting phosphorus-use efficiency. This is because these genotypes showed high dry matter values and low P content means (Tables 3 and 4) , contrary to genotypes 167 and 08001, which presented low P-use efficiency.
At the high level of phosphorus available in the soil, genotypes Paraíso, CNPAE-C2, and 08001 were efficient in P use, while genotypes G2 and 167 had low UE (Table 5) .
Genotypes Paraíso and CNPAE-C2 showed a high dry matter value as well as high total phosphorus content values (Table 3 and 4), maximizing their utilization efficiency index, unlike genotype 08001, which presented low dry matter and P content (Table 3 and 4), but also obtained maximized EU at the high level of P in the soil (Table 5 ).
According to Fageria (1998) , P utilization efficiency index is an important physiological component in the selection of genotypes tolerant to low P availability in the soil, and differences in biomass production under low P are associated with utilization efficiency, confirming the results of this study. Figure 1 shows the efficiency and responsiveness of the physic nut genotypes in relation to the level of P available in the soil, based on the concept proposed by Ciat (1978) . Figure 1 . Classification of physic nut genotypes for efficiency and responsiveness to available P in the soil
Efficiency and Responsiveness of Physic nut to P
Only genotype CNPAE-C2 stood out as efficient and responsive (ER) following higher ADM accumulation under low P level conditions, in response to increased availability of this nutrient in the soil (Figure 1 ).
For a genotype to be efficient and responsive to phosphorus fertilization, it must have favorable characteristics, such as P translocation from the roots to the growing tissues, remobilization of nutrients from senescent leaves prior to abscission, and an adequate reproductive development so that the largest possible amount of P can be used to produce seeds (Marschner, 1995) .
Genotypes 315, 167, and Paraíso were classified as efficient and non-responsive (ENR), assuming that although they produced significantly at the low P level, their response to P available in the soil was lower (Figure 1 ).
Genotypes Jales, 08001, and 1501 were classified as non efficient and responsive (NER), since, although responding to P availability in the soil, their dry matter production was not the same achieved by genotypes classified as ER and ENR, at the low level of phosphorus (Figure 1 ).
Finally, genotypes 200, 210, and G2 were classified as non efficient and non responsive (NENR), due to their low aerial part dry matter production, under increased levels of available P in the soil (Figure 1 ).
Conclusions
Physic nut genotypes have greater vegetative growth, dry matter accumulation, P content and absorption and translocation efficiency at the high level of phosphorus available in the soil.
Physic nut genotypes present different responses at each level of phosphoric fertilization.
Genotype CNPAE-C2 is the most efficient and responsive to phosphoric fertilization.
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